ABSTRACT: Discrete models obtained from computer simulation are in increase use to study solvent effects. The approach consists of generating supermolecular structures for quantum mechanical calculations. The properties of the solute are calculated as an ensemble average over configurations generated by the simulation. An analysis of the efficiency of the simulation shows that the number of configurations necessary for the ensemble average can be reduced drastically. As an application to solvatochromism, the 1 Ž U . calculated spectral shift of the B y transition of benzene in water is shown to be 2 u the same whether it is calculated with many but correlated configurations or with just a few uncorrelated configurations.
Introduction t has long been recognized that solvent effects
Iwoul d be a central topic in theoretical physical w x chemistry 1 . This is, of course, a simple recognition that most experimental data are obtained in solution. An approach that is gaining increased popularity is the use of Monte Carlo or molecular dynamics simulation to generate supermolecular structures of the solute surrounded by the solvent molecules that are used next in quantum mechani-Ž . w x cal QM calculations 2᎐5 . As the liquid has many Ž structures or configurations geometrical arrange-. ment of the molecules equally possible at a certain temperature, some sort of ensemble average is necessary to describe the system in the liquid phase. However, as the simulation produces several thousands of configurations, the subsequent QM calculation is not feasible if the number of necessary configurations is not greatly reduced. w x Some investigators 3 have simply substituted the discrete solvent molecules by classical point charges. This procedure neglects all the effects of solvent polarization. Consideration of the solvent w x polarization is indeed necessary 2, 6 . Obviously, the number of solvent molecules around the solute has also to be drastically reduced but this can be judiciously done by including solvation shells ac-cording to the pair radial distribution function Ž .w x RDF 5 . We seek a statistical procedure based on the concept of efficiency of the simulation to reduce the number of configurations included in the QM calculations, as the intention is to treat the solute, the solvent, and its interaction by quantum mechanics. Therefore, in this article, we suggest that instead of performing QM calculations in ev-Ž . ery configuration generated by the Monte Carlo simulation this can be performed only on a few uncorrelated configurations without compromising the final average result. We demonstrate that this can be accomplished with the use of a quantity that measures the statistical inefficiency. As the working example, we use the interesting case Ž U . of the solvatochromic shift of the first B y The average value of the energy is given as the average over a chain of size of instantaneous values:
and the error caused by the finite size of the simulation can be obtained as
is the variance of U. Clearly, if approaches infinity, approaches zero. The number of MC configurations necessary for the ensemble average can be reduced dramatically over the entire number of MC steps without modifying the calculated average energy. This is a consequence of the high correlation between successive MC configurations generated from simulations of dense systems such as liquids. The changes between successive configurations are small and cause high correlation between them. Using correlated configurations is, of course, a waste that does not contribute to the average. An analysis of the efficiency of the simulation shows how many MC steps are necessary to uncorrelate the configuration. This can be done by calculating the statistical Ž . inefficiency or the time or step correlation funcw x tion 5, 7 .
The statistical inefficiency adopted here is that w x defined by Friedberg and Cameron 9 , and it is based on the mean-square deviations of averages taken over blocks of a chain of successive configurations. Dividing the chain of configuration in n b blocks with t successive configurations, where and the statistical inefficiency s is
where U is the average and ␦ U is the variance over the chain of the whole simulation as Ž . Ž . ² : shown in Eqs. 2 and 4 , while U is the aver- and it generates an increased error in the calcula-Ž . tion of S t and, consequently, an imprecision in b the estimate of the best value of s. Therefore, an analysis of s with respect to the size of the chain is very important.
For chains of uncorrelated configurations, Eq. Ž . 3 is substituted by
where n s rs. In that way, one can see that for a finite simulation the error of a property U is the same if one takes successive configurations or, equivalently, rs configurations separated by s MC steps. Thus, for a given simulation, obtaining ensemble averages over rs uncorrelated configurations is the same as over the entire number of configurations generated.
Results
Our working example to illustrate the favorable use of the statistical inefficiency is the solva-Ž U . tochromic shift of the first absorption B y To reduce the number of solvent molecules for the QM calculations, we use the RDF of the carbons of the benzene and oxygens of the water. The integration of the first peak gives the number of solvent molecules that compose the first solvation shell. In this case, the first shell has 18 water molecules.
All QM calculations reported next are made at the semi-empirical level using the ZINDO prow x gram 13 . The energy shift ⌬ E is obtained for each supermolecule using singly excited CI with spectroscopic parametrization. In each configuration, only the benzene and the 18 water molecules that are the nearest neighbors will be considered as the supermolecule for our QM calculation.
In the statistical inefficiency analysis, we sys-Ž . Ž . tematically use Eq. 7 to calculate the S t . In chains of different sizes. We obtain the statistical inefficient, s s 800 " 100 MC steps. Now, based on this statistical inefficiency, we select from the 20,000 saved configurations a set of 25 configurations separated by 800 MC steps, e.g., a set of 25 uncorrelated configurations. To show that statistical information is not lost in this procedure, we Ž U . calculate the ensemble average of the B y 2 u absorption transition of benzene in water for the entire simulation along with several sets of 25 uncorrelated configurations. For the entire simulation, we obtain a red shift compared to the gas ² :
y1 phase of ⌬ E s y122 " 15 cm , which is in excellent agreement with the experimental shift of ⌬ E s y140 cm y1 obtained by Bayliss and Hulme w x ² : 14 . The calculated values of ⌬ E for different sets of 25 uncorrelated configurations are shown in Table I . As we see, it not only produces the same results obtained above for the entire simulation but also it is irrelevant which particular set of 25 configurations is used. In Figure 2 , we show the distribution of the ⌬ E obtained for each superi ² : molecule used in the calculations of ⌬ E presented in Table I . Finally, we used this approach successfully for the solvatochromism of benzene in several solvents and of acetone in water.
Conclusions
In this article, the statistical inefficiency of a Ž . Monte Carlo MC simulation is obtained. This can be used in the calculation of any thermodynamic property, giving a great reduction in the number of configurations necessary for the ensemble average. As the ensemble average is also necessary in the calculation of solvent effects, this reduction in the total number of expensive QM calculations can be made in a systematic way, without compromising the final average result. [ ] averaged spectral shift ⌬ E = y122 " 15 cm and the dashed line is the experimental result 14 , ⌬ E = y140 cm y1 . The different symbols represent sets 1 ᎐4 as shown in Table I . 
